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ADSTUACT 

Kxperience  has  shown  that  the  aircraft  gust  sensitivity  index  A,  defined 
as  the  rms  aeeele  atlon  response  |K'r  unit  of  rms  gust  velocity  does  not  pro- 
vlde  a  consistent  measure  of  ride  quality.  A  ride  quality  analysis  method 
which  includes  the  effects  of  vibration  frequency  and  exposure  time  on  human 
discomfort  or  performance  has  been  available.  This  method,  however,  has 
been  plagued  by  the  lack  of  clearly  defined  human  frequency  response  curves 
and  vibration  tolerance  criteria. 

This  report  presents  the  results  of  a  study  of  available  experimental 
literature  in  order  to  more  clearly  define  the  shape  of  frequency  response 
functions  for  human  psychomotor  performance  under  vertical  and  lateral 
vibration  conditions.  The  performance  frequency  response  functions  as  de¬ 
veloped  are  based  on  a  constant  tracking  error  and  are  used  in  the  calcula¬ 
tion  of  a  human  performance  index  for  some  aircraft.  Kvaluation  of  human 
performance  index  values  and  associated  crew  effectiveness  estimates  are 
used  to  determine  ride  quality  criteria  in  terms  of  exposure  time  and  crew 
tolerance  levels  for  vertical,  lateral,  and  combined-axes  vibration  inputs. 

Appendix  11  presents  a  comparison  of  the  shape  of  vertical  and  lateral 
performance  curves  derived  in  this  study  with  vertical  and  lateral  objection¬ 
able  discomfort  curves  derived  independently  for  commercial  transport 
passenger  ride  quality  criteria  development.  By  allowing  for  soft  seat  versus 
hard  scat  responses,  close  general  agreement  in  the  shapes  of  the  frequency 
response  curves  is  noted. 


iii 


ASD-TR-70-1H 


TABLE  OF  CONTENTS 

SECTION  PACE 

I  INTRODUCTION  1 

II  DERIVATION  OF  TRACKING  ERROR  FREQUENCY 

RESPONSE  FUNCTIONS  2 

1.  Experimental  Data  Review  2 

2.  Data  Analysis  Procedures  3 

a.  Vertical  Vibration  3 

b.  Lateral  Vibration  6 

III  RIDE  QUALITY  EVALUATION  TECHNIQUE 

DESCRIPTION  7 

1.  Analysis  Approach  7 

2.  Development  of  Method  7 

IV  EXPOSURE -TIME  CONSIDERATIONS  9 

1.  Data  Review  9 

2.  Determination  of  Exposure-Time/RMS 

Tracking-Error  Response  Variation  10 

V  AIRCRAFT  VIBRATION  ENVIRONMENT  CONSIDER¬ 
ATIONS  12 

VI  CRITERIA  DEVELOPMENT  14 

1.  General  Review  14 

2.  Vertical  Vibration  Criteria  15 

3.  Lateral  Vibration  Criteria  18 

4.  Combined-Axis  Vibration  Criteria  19 

VII  CONCLUSIONS  2.1 

APPENDIX  I:  Turbulence  Description  61 

APPENDIX  II:  Comparison  of  Subjective  Objectionable 
Response  and  Derived  Constant  Tracking 
Error  Response  Curves  65 

REFERENCES  74 


v 


ASD-TU -70  IH 


FIGl'RK 

1. 

•> 

• 

3. 

4. 

5. 

(i. 

7. 

8. 

9. 

10. 

11. 

12. 

13. 

14. 

15. 

16. 


LIST  OF  IKKl'ST  RATIONS 


Relative  Vertical  Tracking  Error  us  u  Function  of 
Vertical  Vibration  Intensity  and  Frequency  (Ref  35) 

Relative  Vertical  Tracking  Krror  as  a  Function  of 
Vertical  Vibration  Intensity  and  Frequency  (Ref  4) 

Relative  Vertical  Tracking  Error  as  a  Function  of 
Vertical  Vibration  Intensity  and  Frequency  (Ref  1) 

Relative  Vertical  Tracking  Krror  as  a  Function  of 
Vertical  Vibration  Intensity  and  Frequency  (Ref  36) 

Relative  Horizontal  Tracking  Error  as  a  Function  of 
Vertical  Vibration  Intensity  and  Frequency  (Ref  35) 

Relative  Horizontal  Tracking  Krror  as  a  Function  of 
Vertical  Vibration  Intensity  and  Frequency  (Ref  51) 

Relative  Horizontal  Tracking  Error  as  a  Function  of 
Vertical  Vibration  Intensity  and  Frequency  (Ref  1) 

Relative  Horizontal  Tracking  Error  as  a  Function  of 
Vertical  Vibration  Intensity  and  Frequency  (Ref  38,  51) 

Relative  Total  Tracking  Performance  as  a  Function  of 
Vertical  Vibration  Intensity  and  Frequency  (Ref  34) 

Relative  Total  Tracking  Error  as  a  Function  of  Vertical 
Vibration  Intensity  and  Frequency  (Ref  35) 

Relative  Total  Tracking  Error  as  a  Function  of  Vertical 
Vibration  Intensity  and  Frequency  (Ref  29) 

Acceleration  as  a  Function  of  Vertical  Vibration 
Frequency  for  Constant  Relative  Vertical  Error  (Ref  35) 

Acceleration  as  a  Function  of  Vertical  Vibration 
Frequency  for  Constant  Relative  Vertical  Error  (Ref  4) 

Acceleration  as  a  Function  of  Vertical  Vibration 
Frequency  for  Constant  Relative  Vertical  Error  (Ref  36) 

Acceleration  as  a  Function  of  Vertical  Vibration  Fre¬ 
quency  for  Constant  Relative  Horizontal  Error  (Ref  35) 

Acceleration  as  a  Function  of  Vertical  Vibration  Fre¬ 
quency  for  Constant  Relative  Horizontal  Error  (Ref  51) 


PAGE 

29 

29 

30 

30 

31 

31 

32 

32 

33 

33 

33 

34 

34 

35 

36 

36 


vi 


ASD-TR-70- 18 


LIST  OF  ILLUSTRATIONS  (CONTI)) 

FIGURE  PAGE 

17.  Acceleration  as  a  Function  of  Vertical  Vibration  Fre¬ 
quency  for  Constant  Relative  Horizontal  Error  (Ref  38)  37 

18.  Acceleration  as  a  Function  of  Vertical  Vibration  Fre¬ 
quency  for  Constant  Relative  Total  Error  (Ref  34)  37 

19.  Acceleration  as  a  Function  of  Vertical  Vibration  Fre¬ 
quency  for  Constant  Relative  Total  Error  (Ref  35)  38 

20.  Acceleration  as  a  Function  of  Vertical  Vibration  Fre¬ 
quency  for  Constant  Relative  Total  Error  (Ref  29)  38 

21.  Normalized  Constant  Relative  Tracking  Error  Curve 

for  Vertical  Vibration  39 

22.  Relative  Horizontal  Tracking  Error  as  a  Function  of 

Lateral  Vibration  Intensity  and  Frequency  (Ref  27)  40 

23.  Acceleration  as  a  Function  of  Lateral  Vibration  Fre¬ 
quency  for  Constant  Relative  Horizontal  Error  (Ref  27)  40 

24.  Normalized  Constant  Relative  Tracking  Error  Curve 

for  Lateral  Vibration  41 

25.  Normalized  Human  Tracking  Error  Frequency  Response 

Functions  for  Vertical  and  Lateral  Vibration  42 

26a.  Relative  Vertical  Tracking  Error  Versus  Exposure 

Time  (Ref  3)  43 

26b.  Relative  Vertical  Tracking  Error  as  a  Function  of 

Acceleration  and  Trial  (Ref  3)  43 

27a  and  b.  Relative  Vertical  Tracking  Error  Versus  Exposure 

Time  (Ref  7)  44 

28a.  Relative  Vertical  Tracking  Error  Versus  Exposure 

Time  (Ref  5)  45 

28b.  Relative  Tracking  Error  as  a  Function  of  Acceler¬ 
ation  and  Trial  45 

28c.  Relative  Vertical  Tracking  Error  Versus  Exposure 

Time  (Ref  5)  45 

28d.  Relative  Tracking  Error  as  a  Function  of  Acceler¬ 
ation  and  Trial  45 

29a,  b,  c.  Relative  Tracking  Error  Versus  Exposure  Time 

(Ref  22)  46 

vii 


AS1) -Tll-70-18 


LIST  OF  ILLUSTRATIONS  (CONTD) 


FIGURK 

PAGE 

30a,  1),  c. 

Relative  Tracking  Error  Versus  Kxposure  Time 
(Ref  22) 

47 

31a. 

Relative  Horizontal  Tracking  Error  Versus 

Exposure  Time  (Ref  5) 

48 

31b. 

Relative  Horizontal  Tracking  Error  as  a  Function 
of  Acceleration  and  Trial  (Ref  5) 

48 

31c. 

Relative  Horizontal  Tracking  Error  Versus  Exposure 
Time  (Ref  5) 

48 

3  Id. 

Relative  Horizontal  Tracking  Error  as  a  Function  of 
Acceleration  and  Trial  (Ref  5) 

48 

32a  and  b. 

Relative  Horizontal  Tracking  Error  Versus  Exposure 
Time  (Ref  7) 

49 

33a,  b,  c, 
d,  e. 

Relative  Horizontal  Tracking  Error  Versus  Exposure 
Time  for  Lateral  Vibration  (Ref  27) 

50 

34. 

Constant  Vertical  Tracking  Effectiveness  for  Vertical 

V  ibration 

51 

35. 

Constant  Horizontal  Tracking  Effectiveness  for  Vertical 
Vibration 

52 

36. 

Constant  Horizontal  Tracking  Effectiveness  for  Lateral 
Vibration 

53 

37. 

Normalized  Constant  Tracking  Effectiveness  in  a 

Vibration  Environment 

54 

38. 

Pilot  Exposure  Time  Estimates  as  a  Function  of  RMS 
Crew  Task  Error  Response  for  Vertical  Vibration 

55 

39. 

Probability  of  Exceedance  of  RMS  Crew  Task  Error 
Response  for  Various  Aircraft 

56 

40. 

Probability  of  Exceeding  Pilot  Effectiveness  Levels 

57 

41. 

Universal  Psychomotor  Task  Frequency  Response 
Functions  for  Vertical  and  Lateral  Vibration 

58 

42. 

Predicted  Variation  of  Vertical  and  Lateral  RMS  Task 
Error  Response  Based  on  Reference  53  RMS  g  Dis¬ 
comfort  Results 

59 

viii 


ASD-TR-70-18 


LIST  OF  ILLUSTRATIONS  (CONTD) 


FIGURE 

PAGE 

43. 

Variability  of  Vertical  and  Lateral  Task  Performance 
Indexes  for  Three  Aircraft 

60 

44. 

Von  Karman  Spectral  Form  for  Turbulence  Velocity 

63 

45. 

Subjective  Objectionable  Response  to  Lateral,  Variable 
Amplitude  Vibration  (Test  7,  Ref  53  and  61) 

68 

46. 

Subjective  Objectionable  Response  to  Lateral,  Variable 
Amplitude  Vibration  (Test  5,  Ref  53  and  Gl) 

69 

47. 

Subjective  Objectionable  Response  to  Vertical.  Variable 
Amplitude  Vibration  (Test  8,  Ref  53  and  61) 

70 

48. 

Subjective  Objectionable  Response  to  Vertical,  Variable 
Amplitude  Vibration  (Test  2,  Ref  53  and  61) 

71 

49. 

Transmissibility  Characteristics  for  a  Conventional 

Foam  Cushion 

72 

50. 

Comparison  of  Normalized  Constant  Tracking  Error 
Response  Curves  and  Subjective  Objectionable  Response 
Data  for  Vertical  and  Lateral  Vibration 

73 

ASI)-TH  -70-  IS 


LIST  OF  TABLES 

TABLE  PAGE 

I  Vibration  Intensities  for  Constant  Relative  Error  23 

II  Normalization  Constants  K  24 

III  Normalized  Constant  Error  Vibration  Intensity  Values  25 

IV  Aircraft  Hide  Quality  Comparison  26 

V  General  Pilot  Effectiveness  Comments  27 

VI  Crew-Mission  Performance  Limitations  28 

APPENDIX  I 

VII  Turbulence  Field  Parameters  62 


x 


ASD-TR-70-18 


SYMBOLS 

A  aircraft  gust  sensitivity  -  rms  g/rms  FPS 

crew  task  performance  index  -  rms  error/rms  FPS 
f  frequency  -  Hz 

L  scale  parameter  -  ft 

Tfl/p  airplane  frequency  response  function  -  g/FPS 

Tg  psychomotor  task  frequency  response  function  -  error/g 

cr  rms  task  error  response  -  rms  error 

cr  rms  acceleration  -  rms  g 

a  u  rms  gust  velocity  -  rms  FPS 

$  u  gust  power  spectral  density 

X2  spatial  frequency 

A  sweep  angle 


SECTION  I 


INTRODUCTION 

Operation  at  low  altitude  and  high  speed  (LAHS)  for  extended  periods  of 
time  has  become  an  important  part  of  design  mission  requirements  for  many 
military  aircraft.  Such  operation  subjects  the  airframe  to  a  severe  turbulence 
environment  to  an  extent  not  previously  known.  The  airframe  accelerations 
resulting  from  this  environment  can  be  further  aggravated  by  the  aeroelastic 
behavior  of  highly  elastic  aircraft.  The  effect  of  the  total  airframe  response  on 
crew  comfort  and  control  effectiveness  may  impose  considerable  limitations  on 
aircraft  performance  and  mission  success. 

Although  human  comfort  considerations  have  always  been  of  concern  to  the 
aircraft  design  engineer,  it  has  now  become  necessary  to  actively  consider  air¬ 
craft  ride  quality  criteria  and  their  application  to  an  aircraft  design  from  its 
inception. 

Many  investigations  have  been  made  both  in  regard  to  measuring  subjective 
discomfort  as  well  as  certain  task  efficiencies.  However,  experimental  vari¬ 
ations  in  the  definition  of  discomfort  or  tasks ,  the  exposure  times ,  vibrational 
intensities,  subject  experience,  etc.  have  not  resulted  in  consistent  conclusions 
regarding  human  response  to  vibration,  especially  in  the  area  of  performance. 
On  the  whole,  therefore,  most  research  has  resulted  in  general  conclusions, 
regarding  human  performance,  which  although  usable  as  guidelines  in  aircraft 
design,  have  not  allowed  the  ride  quality  aspects  of  a  design  to  be  put  on  a  firm 
engineering  basis. 

A  ride  quality  analysis  method  which  includes  the  effects  of  vibration  fre¬ 
quency  and  exposure  time  on  human  discomfort  or  performance  has  been  avail¬ 
able,  but  this  method  has  been  plagued  by  the  lack  of  clearly  defined  human 
frequency  response  functions  and  vibration  tolerance  criteria.  It  was  the  pur¬ 
pose  of  the  study  as  presented  in  this  report  to  review  the  available  experi¬ 
mental  literature  and  attempt  to  define  the  shape  of  frequency  response  func¬ 
tions  for  human  psychomotor  performance  under  vertical  and  lateral  vibration 
conditions.  In  addition,  it  was  desired  to  develop  ride  quality  design  criteria 
which  could  be  used  in  the  design  and  evaluation  of  an  acceptable  military  air¬ 
craft  crew  station  vibrational  environment. 
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SECTION  II 

DERIVATION  OF  TRACKING  ERROR  FREQUENCY  RESPONSE  FUNCTIONS 

1.  GENERAL  EXPERIMENTAL  DATA  REVIEW 

A  considerable  amount  of  information  regarding  human  response  to  vibra¬ 
tion  appears  to  have  been  reported  in  official  reports  as  well  as  in  various 
technical  and  medical  journals.  A  closer  study  of  these  sources,  however, 
reveals  that  often  the  information  is  a  repetition  of  the  same  data  and  research 
results  in  different  publications.  Furthermore,  the  information  presented  in 
professional  journals  and  periodicals  is  usually  of  a  very  general  nature,  with¬ 
out  presentation  of  any  basic  data.  Lastly,  the  use  of  a  statistical  analysis  of 
variance  of  the  data  often  results  in  discarding  the  basic  data  in  favor  of  lumped 
results  when  no  significant  differences  can  be  shown  to  exist. 

This,  it  is  felt,  can  result  in  a  loss  of  much  usable  data.  It  allows  for  a 
possible  disregard  of  effects  which  can  be  handled  in  an  engineering  analysis 
in  favor  of  more  significant  effects  which  perhaps  cannot.  It  must  also  be 
remembered  that  statistical  significance  refers  only  to  the  probable  repeata¬ 
bility  of  the  results  from  the  experiment  in  question.  It  reveals  nothing  regard¬ 
ing  the  importance  of  the  results  or  the  repeatability  under  different  experi¬ 
mental  procedures. 

The  points  discussed  above  considerably  reduced  the  usable  data  which 
was  originally  thought  to  exist.  Although  this  reduces  confidence  in  the  curves 
to  be  developed,  sufficient  data  remains  to  allow  derivation  of  a  constant  per¬ 
formance  curve  over  a  range  of  frequencies. 

The  usable  data  are  the  result  of  vibration  experiments  exhibiting  differ¬ 
ences  in  tasks,  seat  types  and  restraints,  task  complexities,  vibration  deri¬ 
vation,  subject  experience  and  motivation,  etc.  As  many  investigators  have 
noted,  the  differences  in  these  variables  make  it  difficult  to  make  objective 
comparisons  between  all  the  research  findings  and  may  underlie  the  discrep- 
encies  among  so  many  experimental  results.  In  the  present  study  some  of 
these  variables  were  approached  separately  and  common  trends  were  noted, 
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in  the  hope  that  this  would  result  in  a  clearer  understanding  of  the  important 
parameters  and  the  derivation  of  usable  human  performance  response  infor¬ 
mation. 

2.  DATA  ANALYSIS  PROCEDURES 
a.  Vertical  Vibration 

When  we  think  of  crew  performance,  we  think  essentially  of  a  crew's 
ability  to  perform  psycho  motor  tasks.  Such  tasks,  which  include  tracking, 
placing  markers  on  a  screen,  replacing  modules,  throwing  switches,  etc.  , 
require  precise  muscular  coordination  and  are  very  much  frequency  dependent. 
Since  tracking  performance  is  an  important  parameter  in  light  of  the  LAHS  re¬ 
quirement,  it  was  the  task  chosen  in  the  study  to  determine  a  human  perfor¬ 
mance  curve.  In  addition,  more  data  is  generally  available  on  this  performance 
parameter,  at  least  for  vertical  vibration. 

As  pointed  out  previously,  the  measurement  of  performance  is  dif¬ 
ferent  for  the  various  researchers  and  can  thus  not  be  directly  compared. 
However,  the  frequency  effects  on  tracking  performance,  if  they  exist,  could 
be  expected  to  behave  in  a  similar  manner  for  all  experiments.  In  other  words, 
the  change  in  relative  tracking  error  from  one  discrete  sinusoidal  frequency 
input  to  another  would  be  identical,  even  though  the  total  error  would  be  de¬ 
pendent  on  task  complexity,  vibration  duration,  vibration  intensity,  and  other 
variables  mentioned. 

To  provide  a  better  comparison  between  studies  and  a  common  mea¬ 
suring  scale,  the  performance  score  for  each  experiment  was  expressed  as  a 
ratio  of  the  performance  error  during  vibration  to  the  error  during  nonvibration 
control  conditions. 

The  tracking  performance  error  as  a  function  of  vibration  intensity  is 
plotted  for  various  sinusoidal  frequencies  in  Figures  1  to  11.  A  study  of  these 
data  plots  reveals  that  the  performance  appears  to  level  off  or  even  improve 
at  certain  intensity  values  after  the  initial  rapid  error  increase  with  the  onset 
of  vibration.  Weisz  (Reference  5)  noted  that  there  is  some  evidence  that  per¬ 
formance  decrements  at  the  lowest  vibration  amplitudes  were  different  in  char¬ 
acter  and  cause  from  those  observed  at  higher  vibration  levels,  indicating 
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that  there  is  not  a  single  simple  continuum  between  nonvibrational  control  con¬ 
dition  and  vibrational  levels  of  operational  significance.  The  intensity  value  at 
which  this  break  occurs  varies  apparently  with  frequency ,  and  it  seems  possibl 
that  this  phenomenon  occurs  due  to  muscular  tensing  of  the  subject  which  in 
turn  reduces  his  error.  Guignard  (Reference  13)  has  shown  that  a  reduction  in 
seat-shoulder  transmissibility  occurs  due  to  involuntary  muscular  tensing, 
which  increases  with  forcing  acceleration.  It  seems  reasonable  that  such 
damping  of  bodily  movement  might  affect  certain  performance  improvements. 

It  is  possible  to  replot  the  data  in  Figures  1  to  11  in  terms  of  constanl 
error  points  against  frequency  and  intensity  of  vibration.  Because  at  higher 
levels  of  intensity  the  frequency  effects  on  error  become  more  significant  and 
visible,  the  constant  error  points  are  best  derived  at  intensity  levels  above  the 
error  discontinuity  due  to  assumed  muscular  tensing.  Cross  plotting  can  be 
done  at  the  lower  intensity  levels;  however,  at  the  levels  of  intensity  where  th( 
discontinuity  occurs,  no  consistent  constant  error  result  can  be  expected.  Fig 
ures  12  to  20  show  the  constant  error  points  for  a  number  of  references ,  and 
show  the  expected  consistent  variation  with  frequency  for  each.  Observed  dif¬ 
ferences  in  level  are  of  course  the  result  of  the  variables  mentioned  before. 

In  a  few  cases  more  than  one  constant  error  level  was  chosen  for  a  reference, 
where  large  error  variation  with  frequency  occurred.  Except  for  Figures  16 
and  19,  these  were  not  plotted  because  they  did  not  significantly  affect  the  final 
results.  It  was  decided  to  omit  the  replotting  of  the  data  of  Figures  3  and  7.  It 
is,  of  course,  always  risky  to  interpolate  between  two  points  only,  but  the  lacl 
of  variation  in  error  for  different  vibration  intensities  at  the  same  frequency 
of  Figure  7  suggests  that  the  tests  were  performed  in  the  area  where  subject 
tensing  occurs.  In  addition,  the  data  is  confounded  by  the  fact  that  the  vertical 
task  incorporated  a  feedback  delay. 

The  next  step  is  to  combine  the  many  constant  error  versus  frequen 
elements  into  a  common  continuous  error  response  curve.  Pradko  (Refereni 
44)  has  shown  that  whole  body  response  is  reasonably  linear  within  the  boun 
of  interest,  a  fact  which  seems  supported  by  the  curve  elements,  so  that  a 
simple  normalization  procedure  can  be  used  whereby  all  data  points  are 
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equated  to  a  common  continuous  curve.  This  normalization  could  be  accom¬ 
plished  graphically;  however,  it  was  found  to  be  simpler  to  perform  in  a 
tabular  form.  The  approach  can  best  be  explained  by  a  description  of  its  ap¬ 
plication. 


First,  the  data  points  from  Figures  12  to  20  were  tabulated  by  intensity 
and  frequency  level.  The  shaded  numbers  in  Table  I  represent  these  values. 
Additional  intensity  values  were  then  interpolated  or  extrapolated  to  either  side 
of  these  points  not  to  exceed  an  increment  of  one  Hertz.  At  constant  frequencies, 
intensity  values  between  references  were  written  as  a  ratio,  where  this  was 
possible.  These  ratios  are  shown  below  the  intensity  values,  and  are  indicated 
by  It  in  the  table.  The  subscripts  of  aj  cr  ,  in  the  last  column,  indicate  the 
reference  numbers  on  which  the  ratios  are  based.  From  these  ratios,  an 
average  value  was  determined  for  each  row  as  shown  in  Table  II.  From  the 
average  ratio  values  and  using  1  rms  g  at  1  Hertz  as  an  anchor  point,  normal¬ 
ization  constants  (K)  were  calculated.  The  K  factors  are  also  presented  in 
Table  II  and  represent  the  differences  between  experimental  results  due  to 
endurance  time,  subject  training,  task,  etc.  The  intensity  values  of  Figures 
12  to  20  were  weighted  by  the  K  values  and  the  resulting  normalized  intensity 
values  are  tabulated  in  Table  III  and  plotted  in  Figure  21. 

As  can  be  seen,  the  points  indicate  a  very  consistent  variation  of 
intensity  with  frequency  even  between  vertical,  horizontal,  and  total  tracking 
error.  The  reason  for  the  apparent  dislocation  of  the  two  data  points  at  4  Hertz 
is  not  clearly  understood.  It  is  very  likely  that  these  points  are  at  muscular 
tensing  conditions  different  from  those  at  other  frequencies  for  the  same  ex¬ 
periment.  The  data  available  does  not  allow  a  definite  conclusion  to  be  made 
on  this. 


It  should  be  noted  that  there  is  no  inference  that  the  error  at  different 
frequencies  or  between  different  tracking  tasks  is  due  to  the  same  physiological 
effects.  The  study  did  show  that  the  shape  of  the  curves  is  not  significantly 
affected  by  exposure  time  or  vibration  intensity  except  at  intensity  levels  where 
the  subject  goes  from  a  relaxed  condition  to  a  condition  of  muscular  tensing. 

One  additional  fact  to  emerge  from  the  study  was  that  the  shape  did 
not  appear  to  be  influenced  by  the  type  of  controller  used,  whether  it  be  a 
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wheel  and  column,  a  common  control  stick,  a  sidearm  controller,  or  even  a 
simple  automobile  steering  wheel. 

b.  Lateral  Vibration 

Performance  data  obtained  under  conditions  of  lateral  vibration  are 
extremely  limited.  This  is  unfortunate  in  view  of  the  fact  that  lateral  vibration 
is  often  considered  more  detrimental  to  performance  and  tolerance  than  verti¬ 
cal  vibration. 

Figure  22  presents  the  available  tracking  performance  for  lateral 
vibration  in  the  same  manner  as  that  used  in  the  case  of  vertical  vibration. 
Figure  23  shows  the  constant  error  intensity  values. 

Needless  to  say,  the  scarcity  of  these  experimental  data  makes  the 
validity  of  the  shape  of  any  tolerance  curve  derived  from  the  data  somewhat 
questionable.  It  was  decided  therefore  to  study  possible  relationships  between 
human  performance  and  body  transmissibility  under  vibration  conditions  to 
obtain  clues  to  reliability  of  the  curve,  and  its  extrapolation  to  other  frequen¬ 
cies.  Such  a  study  was  conducted  for  vertical  vibration  (not  reported  in  this 
document)  with  reasonable  success.  This  study  revealed  that,  for  frequencies 
above  3.  5  Hertz,  the  shape  of  a  constant  performance  curve  was  almost  identi¬ 
cal  to  the  inverse  of  the  average  transmissibility  for  seat-to-head  and  seat-to- 
shoulder.  At  lower  frequencies,  it  appeared  to  more  closely  follow  the  toler¬ 
ance  curve  as  described  by  Magid  and  Goldman. 

For  the  lateral  vibration  under  discussion,  a  similar  approach  was 
followed.  Figure  24  presents  the  shape  of  a  normalized  curve  as  determined 
by  using  the  average  head-seat,  shoulder-seat  body  transmissibility  data  of 
References  27  and  28,  the  low  frequency  tolerance  data  from  Reference  24 
and  the  constant  performance  curve  of  Figure  23.  Very  good  agreement  can  be 
noted  except  for  the  5.  5  Hertz  frequency.  Based  on  the  overall  agreement,  the 
shape  of  the  curve  in  the  Figure  24  is  proposed  as  a  standard  for  constant 
tracking  error  for  lateral  vibration.  Since  the  data  on  which  this  curve  is  based 
is  very  limited,  it  will  be  necessary  to  reevaluate  the  proposed  curve  in  the 
future  when  new  experimental  data  becomes  available. 
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SECTION  III 

RIDE  QUALITY  EVALUATION  TECHNIQUE  DESCRIPTION 


1.  ANALYSIS  APPROACH 

Reference  54  presented  the  basic  mathematical  methods  for  evaluating  ride 

quality  on  the  basis  of  human  subjective  discomfort.  ASD-TR-68-18  (Reference 

46)  incorporated  this  mathematical  method  into  a  more  complete  ride  quality 

analysis  approach  for  crew  discomfort.  As  Grande  (Reference  54)  suggested, 

the  same  analysis  methods  can  be  used  in  evaluating  ride  quality  on  the  basis 

of  performance  error.  In  such  a  case,  the  frequency  response  function  for 

human  discomfort  is  replaced  by  a  constant  performance  error  frequency  re- 

2 

sponse  function.  The  resulting  output  power  spectrum  and  its  associated  a 
value  can  then  be  seen  as  a  performance  error  power  spectral  density  function 
and  its  mean  square  performance  error  respectively. 


2.  DEVELOPMENT  OF  METHOD 

The  sensitivity  of  an  aircraft  to  gusts  (A)  is  expressed  in  the  form  of  rms 
acceleration  per  unit  of  rms  gust  velocity.  To  allow  for  aircraft  flexibility 
effects,  the  continuous  nature  of  turbulence  and  the  variation  of  gust  power  with 
frequency,  the  aircraft  gust  sensitivity  must  be  calculated  using  power  spectral 
analysis  methods.  The  basic  equation  of  the  rms  gust  response  caused  by  tur¬ 
bulence  is 


A  = 


[  /  lTo/p(')|2<J>u(f)df] 


1/2 


$„<*>  is  the  gust  power  spectrum  and  (f)  is  the  frequency  response 
function  for  acceleration  due  to  gust  for  a  given  reference  fuselage  station.  For 
military  aircraft  ride  quality  purposes,  the  reference  fuselage  stations  would 
normally  be  the  crew  station  location.  A  represents  the  overall  rms  accelera¬ 
tion  response  in  a  broadband  and  random  vibration  environment. 


The  previous  studies  of  vibration  effects  on  humans  have  shown  that  task 
performance  such  as  tracking  error  is  not  only  a  function  of  acceleration  in¬ 
tensity  but  is  also  affected  by  the  frequency  of  the  vibration.  Figures  21  and  24 
as  developed  represent  the  threshold  of  constant  error  as  a  function  of  frequency, 
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and  can  be  thought  of  as  the  rms  acceleration  per  unit  tracking  error.  The  in¬ 
verse  would  be  the  relative  error  per  rms  g,  and  can  be  used  as  a  frequency 
response  function  in  power  spectral  density  techniques  to  determine  a  measure 
of  crew  performance  for  any  aircraft.  The  relationship  used  is  an  extension  of 
the  equation  for  aircraft  gust  sensitivity  as  follows: 


He  = 


~k  [  /°°!  Te(,)l2|To/p(,>ta'J>u<,)  df  ] 


1/2 


a ^  is  the  root  mean  square  of  the  pilot  tracking  error  response  and 
could  be  called  the  pilot  tracking  performance  index,  or  in  more  general  terms, 
the  rms  crew  task  error  response  and  crew  task  performance  index  respec¬ 
tively  for  any  given  task  such  as  tracking  in  the  present  case. 


The  normalized  tracking  error  frequency  response  functions  for  vertical 
and  lateral  vibration  are  presented  in  Figure  25. 


Tolerance  curves  based  on  discomfort  normally  vary  in  shape  as  a  function 
of  vibration  intensity.  Tolerance  differences  among  frequencies  become  more 
sharply  defined  as  the  acceleration  levels  reach  the  objectionable  levels.  How¬ 
ever,  Magid  and  Coermann  found  that  the  curvilinearity  of  tolerance  profile 
was  also  increased  when  duration  of  exposure  to  vibration  was  lengthened.  Suf¬ 
ficient  data  to  evaluate  the  exact  effects  of  acceleration  intensity  or  vibration 
exposure  time  on  the  shaping  of  the  derived  performance  transfer  function  is 
not  presently  available.  Since  variability  is  characteristic  of  men  and  in  con¬ 
sideration  of  the  fact  that  the  highest  possible  intensities  were  used  in  the 
derivation  of  the  performance  curves  of  Figures  21  and  24,  it  is  believed  that 
Figure  25  presents  acceptable  transfer  function  shapes  without  the  need  for 
detailed  deviation  due  to  exposure  time  or  acceleration  intensity. 
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SECTION  IV 

EXPOSURE -TIME  CONSIDERATIONS 


1.  DATA  REVIEW 

An  additional  study  was  started  to  determine  the  general  shape  of  an 
exposure-time  curve  as  a  function  of  rms  error  response  for  a  constant 
performance  error.  Various  experimenters  have  presented  results  regarding 
the  effect  of  vibration  exposure  time  on  performance.  As  is  the  case  for  most 
of  the  parameters  in  vibration  experiments  on  humans,  the  test  results  in  this 
area  are  also  limited  and  diffuse.  Some  data  is  for  insufficient  time  length  to 
indicate  trends,  other  data  is  for  different  types  of  performance  parameters 
or  vibration  conditions. 

Generally,  however,  the  tracking  performance  decreases  rapidly  in  the 
initial  stages  of  exposure  time,  it  then  tends  to  level  off  and  possibly  improve. 
In  this  study,  the  performance  error  at  any  time  during  the  vibration  exposure 
was  written  as  a  ratio  to  the  pre-vibration  static  error  measured  in  the  experi¬ 
ment.  Admittedly  the  static  error  changes  with  task  duration.  However,  for 
simplicity  and  because  static  error  data  as  a  function  of  task  duration  was  not 
always  available,  the  pre-vibration  static  error  was  used  as  a  base.  Figure 
26-33  present  the  tracking  error  as  a  function  of  vibration  exposure  time  for 
various  experiments.  These  figures  also  show  the  acceleration  intensity  values 
used  in  obtaining  the  data  points  of  the  experiments  as  well  as  the  calculated 
values  of  the  root  mean  square  tracking  error  cr^.  The  value  of  a 1  in  each 
case  was  calculated  using  the  frequency  response  functions  as  derived  pre¬ 
viously  and  as  shown  in  Figure  25.  In  some  cases  the  data  points  reveal  con¬ 
siderable  scatter  which  would  tend  to  reduce  confidence  in  their  use.  Section 
II  of  the  study  discussed  the  fact  that  there  does  not  seem  to  be  a  single  con¬ 
tinuous  variation  of  error  with  vibration  amplitude,  but  rather  that  a  break 
occurred  which  was  assumed  to  be  caused  by  involuntary  muscular  tensing. 

It  was  considered  reasonable  that  this  break  would  not  only  be  a  function  of 
vibration  amplitude  but  might  vary  during  exposure.  Correspondingly,  the 
data  where  possible  were  examined  in  this  light. 
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1  min'd  this  examination  resulted  in  the  conclusion  that  this  break  changes 
with  exposure  time  or  trial,  although  not  in  any  predictable  manner,  and  that 
these  changes  are  related  to  much  of  the  scatter  in  the  data. 

Empirical  curves  were  fitted  judiciously  to  what  were  considered  to  be 
equal  effect  data  points  in  those  cases  where  this  information  was  available. 

2.  DETERMINATION  OF  EXPOSURE -TIME  RMS  TRACKING-ERROR 

RESPONSE  VARIATION 

Initially  it  is  assumed  that  at  a  given  vibration  exposure  time,  the  value 
of  the  vibration  error  to  pre-vibration  error  ratio  varies  as  a  function  of  rms 
error  response  or  a ^ .  The  quality  of  this  assumption  can  be  evaluated  from 
the  basic  data  plotted  in  Figures  26  to  33.  Examination  of  these  figures  will 
show  that  for  each  experimental  data  group,  the  ratio  of  the  relative  tracking 
errors  for  different  values  of  <j^  is  quite  constant  over  the  time  of  exposure. 
The  test  conditions  represented  by  these  plots  are  sufficiently  varied  to  give 
credit  to  the  conclusion  that  the  assumption  appears  valid. 

It  is  now  possible  to  treat  the  exposure  time  data  in  a  manner  similar  to 
that  used  in  the  derivation  of  the  tracking  error  frequency  response  function. 
First  the  data  is  replotted  in  Figures  34,  35,  and  36  in  terms  of  constant  error 
against  exposure  time  and  o^.  To  obtain  a  more  complete  view  of  the  time- 
error  interaction,  the  data  was  replotted  for  at  least  two  constant  error  cuts 
for  each  experiment. 

Examination  of  the  replotted  results  indicates  that  the  slopes  appear  to  be 
relatively  consistent;  in  all  cases  allowable  exposure  time  decreases  rapidly 
with  increasing  cr^.  At  the  lower  exposure  times,  this  rate  is  reduced  slightly. 

Since  the  error  is  considered  a  function  of  <tc  at  constant  time,  the  curves 
of  Figures  34  ,  35,  and  36  are  now  combined  through  the  normalization  procedure 
used  previously.  This  procedure  can  be  applied  to  each  figure  individually;  how¬ 
ever,  it  was  found  that  the  differences  between  the  resulting  curves  were  small. 
In  view  of  the  variability  in  the  results  of  experiments  involving  human  per¬ 
formance,  it  was  decided  that  combination  of  the  data  would  be  justified.  The 
final  points  are  plotted  in  Figure  37  together  with  an  empirically  fitted  curve. 
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This  figure  presents  the  results  after  a  normalization  of  the  data.  The  data 
points  show  that  regardless  of  error  type  or  direction  of  vibration,  the  general 
shape  is  quite  consistent.  It  should  be  emphasized  that  this  curve  is  the  result 
of  an  attempt  to  determine  the  shape  or  slope  of  an  exposure  time  curve  which 
can  be  expected  for  constant  error.  It  does  not  mean  that  the  magnitudes  of  the 
different  error  types  are  identical.  Neither  is  there  any  implication  that  the 
empirically  fitted  curve  drawn  through  the  data  points  represents  a  maximum 
allowable  error  level.  If  and  when  such  a  level  is  selected,  exceeding  the  curve 
will  mean  exceeding  the  allowable  error.  Conversely,  any  point  below  the  curve 
will  mean  errors  less  than  maximum  acceptable. 

Having  determined  the  shapes  of  the  human  performance  curves  and  the 
exposure-time  curves,  it  remains  to  consider  the  characteristics  of  the  vibra¬ 
tion  environment,  the  level  of  the  exposure  curve,  and  the  derivation  of  realistic 
design  criteria. 
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SECTION  V 

AIRCRAFT  VIBRATION  ENVIRONMENT  CONSIDERATIONS 

The  vibration  to  which  a  crew  member  is  exposed  during  LAHS  flight  is  the 
result  of  the  aircraft  response  to  atmospheric  turbulence  and  the  maneuvers 
required  for  terrain  following.  The  accelerations  resulting  from  aircraft  re¬ 
sponse  to  turbulence  are  mostly  a  function  of  factors  peculiar  to  a  given  air¬ 
craft  configuration.  Factors  such  as  rigid  body  natural  frequency ,  aerodynamic 
damping,  structured  stiffness  and  dynamics  as  well  as  the  flight  control  char¬ 
acteristics  have  a  powerful  influence  on  the  accelerations  and  their  frequency 
distribution.  The  maneuver  response  on  the  other  hand  is  more  dependent  on 
terrain  type,  terrain  clearance  requirements,  terrain  following  sysVm,  etc.  , 
which  are  factors  more  common  to  any  aircraft  and  rather  less  affected  by 
configuration. 

Because  of  the  differences  in  the  cause-effect  relationship  for  turbulence 
and  maneuver  inputs,  it  seems  reasonable  to  approach  these  two  areas  sepa¬ 
rately. 

There  is  little  doubt  that  the  main  portion  of  the  tracking  error  for  terrain 
following  considerations  is  a  function  of  terrain  type  and  clearance  require¬ 
ments.  These  factors  are  usually  dictated  by  mission  requirements  independent 
of  the  airframe  design.  This  is  not  to  say  that  the  error  cannot  be  held  to  a 
minimum  through  careful  design  for  gust  sensitivity. 

The  tracking  error  increase  over  static  vibration  condition  as  a  function 
of  time  is  affected  by  intensity  and  Hg. 

For  instance  Figure  30  shows  that  for  flat  terrain,  the  pitch  error  in¬ 
crease  after  2  hours  is  28.  5^  for  H  =  .  Ill  and  48.5%  for  H  =.222.  In 

e  e 

mountainous  terrain,  these  differences  are  10  and  37%  respectively. 

Human  tolerance  levels  or  tracking  error  levels  are  a  function  of  rms 
vibration  intensity,  duration  of  exposure,  and  predominant  frequency.  Maneu¬ 
ver  acceleration  frequencies  are  predominantly  around  .  1  to  .  7  Hertz.  Due 
to  lack  of  vibration  studies  which  incorporate  the  pilot  in  the  loop  and  the 
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difficulty  of  simulating  low  frequencies  to  sufficiently  high  intensity  values, 
little  is  known  of  the  vibrational  effects  on  tracking  performance  at  such  low 
frequencies  during  actual  terrain  following. 

Also  some  LAHS  flight  studies  indicate  that  a  pilot  will  try  to  maintain  a 
fairly  constant  intensity  level.  When  the  turbulence  intensity  increases  his 
tracking  performance  will  decrease,  whereas  during  lesser  turbulence  levels, 
his  terrain  following  effort  will  improve.  The  flexible  motions  due  to  surface 
motion  required  to  fly  over  terrain  will  cause  additional  rms  acceleration  in¬ 
creases  of  from  4  to  1%  of  the  gust  contribution  depending  on  terrain  type. 

Based  on  the  above  considerations,  the  conclusion  of  Reference  49  that  the 
effects  of  turbulence  with  respect  to  human  tolerance  are  more  significant  than 
the  maneuvering  loads  seems  still  tenable.  It  was,  therefore,  decided  to  put 
the  emphasis  on  crew  efficiency  factor  as  a  function  of  aircraft  gust  input  only. 
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SECTION  VI 

CRITERIA  DEVELOPMENT 


1.  GENERAL 

Using  the  tracking  error  frequency  response  function  developed,  the 
values  were  calculated  for  a  number  of  airplanes  and  airplane  configurations. 
The  gust  spectrum  used  was  the  Von  Karman  spectrum  with  an  L  -  500.  The 
results  are  presented  in  Table  IV.  As  can  be  seen,  the  values  of  A  and  vary 
considerably  for  each  airplane  depending  on  configuration,  speed,  or  weight. 

It  would  be  desirable  if  information  regarding  maximum  allowable  error 

versus  time  and  II  were  available  or  could  be  derived  for  these  aircraft, 
e 

Although  considerable  effort  in  this  direction  was  expended  during  the  study, 
the  conclusion  was  that  this  approach  was  not  the  most  productive  one  at  this 
time.  First,  tracking  error  does  not  appear  to  be  a  measured  quantity  during 
LAIIS  flight  tests. 

Secondly,  due  to  many  differences,  simulator  tests  provide  neither  con¬ 
sistent  nor  compatible  results.  Also,  the  results  of  simulator  test  although 
valuable  in  indicating  error  trends  cannot  be  relied  upon  to  provide  actual 
numerical  performance  values  consistent  with  a  real  airplane.  In  most  studies, 
the  tracking  performance  was  evaluated  in  an  open-loop  system.  Although  it 
is  not  believed  that  this  would  affect  the  error  significantly,  it  would  no  doubt 
alter  the  exact  error  values  to  some  degree.  In  addition,  the  effect  of  the 
emotional  tension  associated  with  the  possibility  of  a  potential  crash  or  fear  for 
the  structural  integrity  of  the  aircraft  should  not  be  dismissed  lightly.  It  is 
exactly  this  effect  which  is  lacking  in  any  simulator  study. 

The  determination  of  a  definite  numerical  tracking  error  criteria  would 
be  highly  desirable  in  light  of  the  availability  of  a  tracking  performance  trans¬ 
fer  function  derived  earlier,  but  this  does  not  appear  feasible  at  this  time. 

An  alternate  approach  is  the  evaluation  of  ride  quality  based  on  pilot 
comments  during  low-level  flight.  Admittedly,  this  approach  involves  the 
vagueness  inherent  in  the  subjective  comment.  However,  it  is  expected  that 
a  pilot's  evaluation  of  his  effectiveness  is  based  on  his  ability  to  perform 
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LAHS  flight  to  acceptable  levels.  As  is  common  in  the  whole  area  under  dis¬ 
cussion,  very  little  information  is  available  on  crew  response  during  low-level 
flying.  Table  V  presents  some  general  ride  quality  information  collected  from 
various  sources.  The  calculated  values  of  IT  are  for  the  most  part  representa¬ 
tive  aircraft  configurations  based  on  a  review  of  the  aircraft  mission  and  flight 
environment  to  which  the  comments  are  applicable. 

Pilot  evaluation  of  a  turbulence  level  is  related  to  the  airplane  response 
characteristics  and,  in  turn,  to  the  value  of  H^.  The  same  review,  therefore, 
provided  the  relationship  between  the  pilot  evaluation  of  turbulence  severity 
and  the  measured  gust  velocities. 

Note  that  the  comments  appear  to  be  based  on  vertical  vibration  input  and 
characteristics  only.  It  appears  that  when  the  lateral  vibration  in  terms  of 
is  less  than  the  vertical  vibration  the  latter  will  govern  the  subjective  evalua¬ 
tion.  In  other  words,  even  though  the  lateral  low-altitude  gust  environment  is 
more  severe  and  the  lateral  crew  sensitivity  greater  than  in  the  vertical  direc¬ 
tion,  the  lower  lateral  aircraft  response  characteristics  make  the  vertical 
vibration  environment  the  most  bothersome.  The  relationship  between  the 
vertical  and  lateral  tolerance  criteria  will  be  discussed  further  under  3  and  4. 

2.  VERTICAL  VIBRATION  CRITERIA 

With  the  value  of  He  known  and  the  measured  gust  inputs  identified,  the 
crew  exposure-time  estimates  can  be  obtained  as  a  function  of  <ruH  as  shown 
in  Figure  38.  Although  the  data  points  are  few  and  for  only  three  aircraft,  the 
agreement  with  the  shape  of  the  derived  exposure-time  curve  of  Figure  37  is 
obvious. 

Figure  38  does  not,  however,  provide  a  tolerance  curve  which  can  be 
directly  related  to  design  requirements.  Due  to  the  random  nature  of  turbu¬ 
lence,  a  probability  of  exceedance  of  any  specified  level  must  be  included  as 
part  of  any  requirement. 

This  probability  should  be  related  to  consideration  of  the  effects  resulting 
from  exceedance  of  a  given  tolerance  level.  The  total  effects  of  exceeding  long¬ 
time  tolerance  levels  (say  above  20  minutes)  are  not  identical  to  those  resulting 
from  short-time  tolerance  level  exceedances. 
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The  long-time  estimates  are  determined  mostly  by  pilot  performance  of 
psychomotor  tasks.  Such  tasks,  which  call  for  precise  muscular  coordination 
such  as  tracking,  throwing  switches,  or  using  handhold  navigational  aids  are 
more  dependent  on  frequency  effects  and  to  a  lesser  extent  on  intensity.  Ex¬ 
ceeding  these  levels  will  result  mainly  in  lesser  performance  effectiveness 
and  long-time  fatigue  and  discomfort.  At  the  short  time  levels,  performance 
of  psychomotor  tasks  deteriorates  very  rapidly  with  small  change  in  exposure 
time.  These  levels  quickly  produce  extreme  fatigue,  high  levels  of  unspecified 
stress  and  anxiety;  and  any  exceedance  affects  aircraft  safety  through  sub¬ 
marginal  pilot  control  ability. 

Table  VI  presents  a  brief  description  of  some  psysiological  effects  as 
derived  from  both  simulator  and  actual  flight  tests.  The  information  in  this 
table  is  arranged  in  a  manner  similar  to  that  used  in  the  Cooper-Harper  scales 
for  the  evaluation  of  aircraft  handling  qualities.  The  values  of  are  the 

maximums  to  which  the  comments  apply. 

When  using  this  table  in  order  to  determine  the  point  of  separation  in  terms 
of  a  H  or  cr  between  the  long  term  and  short  term  tolerance  levels,  it  is 
important  to  use  a  conservative  approach.  The  present  state-of-the-art  allows 
an  aircraft  design  to  be  optimized  to  definite  mission  requirements  to  a  much 
greater  degree  than  previously.  Supposedly,  these  postulated  mission  require¬ 
ments  are  based  on  the  best  estimates  and  predictions  of  usage  and  tactics 
necessary  for  a  successful  strike  capability.  To  select  unconservative  criteria 
on  the  basis  that  a  pilot  has  the  ability  to  improve  ride  through  changes  in 
speed,  altitude,  or  wing  sweep  may  well  jeopardize  successful  mission  com¬ 
pletion. 

Using  the  physiological  effects  and  acceptance  levels  of  Table  VI  as  a 
guide,  a  maximum  value  of  c^H  -  .  25  is  selected  as  satisfactory  for  normal 
long-time  operation.  For  short-term  operation,  a  decrease  in  overall  crew 
effectiveness  is  accepted  on  the  assumption  that  the  remaining  tasks  will  be 
performed  when  acceptable  conditions  return.  A  minimum  value  of  cr ■  --  .  25 
is  selected  for  the  short-time  operation. 

It  is  difficult  to  determine  an  acceptable  probability  of  exceedance  on  an 
absolute  basis  for  either  the  long-term  or  short-term  levels.  This  can  best 
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be  determined  indirectly  based  on  a  qualitative  comparison  of  the  ride  quality 
estimates  of  other  aircraft.  It  is  postulated  that  crew  exposure-time  estimates 
for  a  given  effectiveness  or  discomfort  level  are  influenced  by  the  rate  of  ex¬ 
ceedance  of  associated  with  a  particular  aircraft.  This  would  be  in  agree¬ 
ment  with  the  contention  by  Notess  in  Iieference  18  that  a  factor  which  causes 
significant  differences  in  ride  comfort  is  the  rapid  change  in  the  probability  of 
encountering  turbulence  as  the  magnitude  of  the  intensity  decreases.  It  is  con¬ 
sidered  that  on  the  average  the  low-level  flights  for  the  aircraft  were  over  iden¬ 
tical  terrain  types  and  made  under  identical  meteorological  conditions.  If  this 
consideration  is  assumed  to  be  correct,  it  becomes  possible  to  evaluate  an 
aircraft's  overall  ride  quality  estimate  in  terms  of  the  basic  exposure-time 
tolerance  curve  and  the  probability  of  exceedance. 

Using  the  turbulence  statistical  parameters  of  Appendix  I  as  representative 
of  the  average  conditions,  the  probability  of  exceedance  of  the  tolerance  level 
of  Figure  38  was  determined  for  various  aircraft.  Figure  39  provides  a  graphi¬ 
cal  presentation  of  these  probabilities  as  a  function  of  Cross  plotting 

of  Figures  38  and  39  provides  the  probability  of  exceedance  of  the  tolerance 
boundary  as  a  function  of  exposure  time  which  might  have  occurred  on  these 
aircraft.  Figure  40  presents  this  information  with  the  data  points  obtained  from 
Table  V.  For  short  duration  or  <juHe  values  above  approximately  .  25  the  prob¬ 
ability  of  exceedance  appears  of  little  importance.  In  this  area  we  are  mainly 
concerned  with  crew  tolerance.  The  performance  effectiveness  is  of  secondary 
importance,  and  the  exposure  times  are  time  estimates  after  the  pilot  must 
take  action  to  reduce  the  value  of  <TuHe  by  changing  speed  or  altitude  or  both 
in  order  to  be  able  to  continue  the  mission. 

At  the  lower  values,  there  does  indeed  appear  to  be  a  relationship 

between  exposure  time  and  probability  of  exceedance.  Reevaluating  the  infor¬ 
mation  of  Table  V  in  this  light,  it  can  be  said  that  for  a  given  exposure  time 
and  probability  of  encounter,  the  aircraft's  ride  quality  is  directly  related  to 

its  H  value. 

e 

Finally  considering  the  information  presented  in  Table  V  and  Figure  40, 
the  following  preliminary  criteria  are  proposed  for  design  purposes. 
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a,  The  probability  of  exceedance  for  long-time  exposure  shall  not  be 
greater  than  20 v/< . 

b.  For  short-time  exposure  tolerance,  the  probability  of  exceedance  of 
the  exposure-time  curve  shall  not  be  greater  than  V/ . 

3.  LATERAL  VIBRATION  CRITERIA 

The  direction  of  vibration  is  of  much  importance.  It  has  been  stated  that 
low-frequency  lateral  vibration  is  less  tolerable  than  vertical  vibration  of  the 
same  intensity.  Guignard  (Reference  41)  discusses  some  work  by  Loach  who 
derived  a  factor  of  yiTfor  threshold  differences  between  the  lateral  and  verti¬ 
cal  vibration.  Lateral  vibration  is  equated  in  discomfort  with  a  vertical  vibra¬ 
tion  at  acceleration  levels  of  1/  yiftimes  the  vertical  acceleration.  Notess 
references  experiments  which  show  that  equivalent  tolerance  boundaries  or 
comfort  ratings  are  obtained  when  rms  lateral  vibration  is  lower  than  the  rms 
vertical  vibration  by  factors  ranging  from  1.  4  to  2.  0.  It  is  obvious  from  a 
comparison  of  the  quite  different  shapes  of  the  performance  curves  for  vertical 
and  lateral  vibration  that  such  general  statements  do  not  allow  a  direct  appli¬ 
cation  in  order  to  determine  the  relative  performance  curve  levels  for  lateral 
and  vertical  vibration.  Our  studies  of  References  28,  52,  and  53  which  present 
lateral  and  vertical  tolerance  curves  resulted  in  the  determination  that  when 
placing  the  lateral  tolerance  or  tracking  error  curve  to  go  through  an  acceler¬ 
ation  value  of  .  425  times  the  vertical  acceleration  at  the  anchor  point  of  1 
Hertz,  the  best  compromise  over  the  frequency  band  of  interest  is  obtained. 
This  would  mean  that  the  frequency  response  curve  for  lateral  vibration  would 
go  through  a  point  1/.  42  ~  2.  40  times  the  vertical  point  at  1  Hertz. 

Additional  considerations  tend  to  confirm  this  relationship.  For  instance, 
References  51  and  27  present  horizontal  tracking  data  for  a  vertical  and  a 
lateral  vibration  study  respectively.  The  experiments  are  quite  similar  and 
the  same  vibration  facility  was  used.  Rationing  the  rms  acceleration  of  an 
identical  error  for  the  vertical  and  lateral  cases  at  frequencies  and  ampli¬ 
tudes  where  identical  muscular  tensing  was  suspected  supports  the  relative 
levels  tased  on  equal  comfort  as  discussed  above. 
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Until  more  detailed  data  becomes  available  for  tests  which  incorporate 
vertical  vibration  and  lateral  vibration  under  identical  task  loadings,  the  re¬ 
lationship  between  the  frequency  response  functions  as  presented  in  Figure  41 
is  considered  the  best  compromise. 

Reevaluating  the  H(  values  for  the  lateral  case  for  the  aircraft  of  Table  IV 
results  in  the  He  values  of  column  12.  Note  that  the  lateral  rms  error  response 
sensitivity  index  is  lower  than  the  vertical  index  values.  As  mentioned  pre¬ 
viously,  this  is  very  likely  the  reason  why  the  lateral  vibration  environment 
has  apparently  not  been  a  problem  in  military  aircraft  to  date. 

The  methods  described  in  Section  III  are  based  on  the  assumption  that 
identical  rms  error  response  values,  cr^,  result  in  identical  errors  at  the 
same  exposure  time  providing  that  the  proper  relationship  between  the  verti¬ 
cal  and  lateral  frequency  response  curves  is  established  and  that  a  "universal" 
design  exposure  time  curve  is  available. 

The  exposure-time  curve  of  Figure  38  is  based  on  vertical  vibration  inputs 
only.  Before  a  decision  can  be  made  regarding  the  use  of  this  curve  as  a  design 
curve  for  both  vertical  and  lateral  vibration,  it  is  important  that  the  vertical 
to  lateral  relationship  be  understood  in  terms  of  a  combined-axis  vibration 
environment. 

4.  COMBINED-AXIS  VIBRATION  CRITERIA 

Most  vibration  experiments  to  determine  tolerance  levels  have  been  car¬ 
ried  out  separately  for  the  vertical  and  lateral  directions.  Those  experiments 
which  were  used  to  determine  crew  performance  during  LAHS  flight  conditions 
tried  to  incorporate  representative  aircraft  response  characteristics  with  their 
inherently  lower  lateral  responses. 

Reference  52  draft  states  that  if  vibrations  occur  in  more  than  one  direc¬ 
tion  simultaneously,  the  corresponding  limits  apply  separately  to  each  com¬ 
ponent.  This  statement  incorporates  the  idea  that  the  vertical  and  lateral  tol¬ 
erance  levels  are  independent  of  each  other.  Data  from  References  53  and  f»J 
however,  would  seem  to  refute  this  fact.  Figure  42  shows  this  data  in  terms 
of  rms  tracking  error  for  simultaneous  vertical  and  lateral  vibration.  The  rms 
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tracking  error  response  values  were  determined  using  the  performance  fre¬ 
quency  response  functions  of  Figure  41.  From  the  data  points  of  Figure  42, 

it  can  be  concluded  that  the  total  tolerance  value  for  a  is  based  on  a  constant 

e 

vector  sum  of  a  j  and  cr>  .  There  is,  of  course,  always  the  question  of 
ev  eL 

whether  this  conclusion  is  correct  under  all  circumstances,  and  combinations 

of  vertical  and  lateral  vibration  for  purposes  of  crew  effectiveness.  Figure  43, 

presents  the  variation  of  H  and  H  for  the  airplane  configurations  of  Tabie 

ev  eL 

IV.  It  will  be  noted  that  the  average  lateral  response  is  approximately  half  the 


vertical,  and  that  the  boundaries  b  and  c  which  are  based  on  H 


Jb,c 


(V* 4 


.  5(H  )  for  any  given  H  will  include  most  points.  The  exposure-time  curve 

eL  a  ev 

of  Figure  38,  although  based  on  a  vertical  vibration  input  only,  does,  of  course, 
include  some  lateral  influences.  Exactly  how  much  is  impossible  to  determine 
from  the  available  data.  Until  more  data  becomes  available,  it  is  proposed 
that  the  rms  vertical  error  response  from  Figure  38  be  considered  applicable 


to  the  average  Hg  versus 
ing  steps  are  proposed  to  determine  design  requirements: 


H  line  of  Figure  43.  In  general  then,  the  follow¬ 
er 


(1)  Determine  the  allowable  a  for  the  correct  exposure  time  from 

ev 

Figure  38. 

(2)  Divide  the  allowable  <j  by  any  appropriate  rms  gust  velocity  (20% 

®v 

probability  of  exceedance  has  been  proposed  for  long  term). 

(3)  Plot  this  point  on  line  a  of  Figure  43.  This  will  determine  the  allow¬ 
able  vector  sum  of  H  and  H 

e  eT 

_  v  _  L 

(4)  Allow  the  value  of  H  and  H  to  vary  within  the  boundaries  of  lines 

ev  eL 

b  and  c,  keeping  the  vector  sum  constant. 

It  is  expected  that  this  approach  will  result  in  ride  quality  relationships 
for  the  vertical  and  lateral  case  which  are  not  significantly  different  from  that 
on  present  aircraft.  It  is  to  be  hoped  that  more  information  on  the  interaction 
between  vertical  and  lateral  vibration  becomes  available.  As  the  state-of-the- 
art  in  ride  quality  design  advances,  it  may  then  become  possible  to  allow  sig¬ 
nificant  tradeoffs  to  be  made  in  the  ride  quality  requirements  for  different 
directions. 
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SECTION  VII 
CONCLUSIONS 

The  intent  of  the  studies  was  to  try  to  determine  ride  quality  criteria  based 
on  exact  numerical  crew  performance  effectiveness  values.  This  was  not  ac¬ 
complished.  The  design  criteria  as  proposed  does  not  result  in  a  clearly  defined 
quantitative  crew  performance  effectiveness.  It.  is  rather  a  qualitative  approach 
based  on  empirical  information  which  is  expected  to  result  in  a  satisfactory 
level  of  ride  quality. 

Although  differences  of  opinion  regarding  assumptions  and  evaluation  of 
the  referenced  data  must  be  expected,  the  procedures  and  final  design  criteria 
are  considered  the  most  practical  at  this  time  from  an  engineering  viewpoint. 

It  should  not  be  forgotten  that  the  large  variability  between  individuals  or  even 
between  the  same  individual  at  different  times  will  overshadow  any  lack  of  pre¬ 
cision  which  might  be  present  in  most  assumptions.  In  addition,  neither  the 
exact  magnitude  of  the  required  performance  nor  the  acceptable  probability  of 
exceedance  of  any  performance  parameter  has  ever  been  established. 

The  tracking  error  frequency  response  functions  as  derived  are  based  on 
vibration  experiments  using  sinusoidal  inputs,  but  this  is  no  different  from  the 
approach  used  to  determine  airplane  vibration  freqe  cy  response  functions. 
Furthermore,  the  approach  as  developed  is  based  on  the  relative  vibrational 
influences  between  vertical  and  lateral  vibration  and  the  relative  crew  perfor¬ 
mance  responses  between  different  aircraft.  If  there  are  differences  in  quanti¬ 
tative  rms  performance  response  levels  or  even  discomfort  levels  between 
sinusoidal  and  multiple  frequency  or  random  vibration  inputs,  and  some  ex¬ 
periments  (e.  g.  ,  References  1  and  53)  do  not  support  this  contention,  the 
relative  relationships  would  still  be  valid. 

There  are,  of  course,  the  effects  of  seat  dynamics  and  restraint  systems 
which  were  not  directly  considered  in  the  evaluation  of  the  pilot  estimates  while 
using  the  derived  frequency  response  functions.  A  good  restraint  system  would 
improve  crew  performance  and  comfort.  Its  effects  are  implicit  in  the  crew 
comments.  The  effects  of  the  seat  dynamics  were  impossible  to  evaluate  due 
to  lack  of  knowledge  of  these  characteristics  for  the  airplanes  involved. 
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Finally,  we  have-  thought  in  terms  of  pilot  effectiveness  and  tracking  per¬ 
formance.  Much  additional  work  needs  to  be  done  to  define  pilot  performance 
as  influenced  by  conditions  of  automatic  terrain  following  as  well  as  the  ef¬ 
fectiveness  of  other  crew  members. 

Regarding  the  use  of  an  automatic  terrain  following  system,  such  a  system 
can  generally  achieve  lower  average  heights  above  ground  level  than  the  pilot. 
This  is  at  the  cost  of  higher  rms  g  intensities. 

Regarding  the  other  crew  members,  it  is  reasonable  to  assume  that  the 
shape  of  the  human  performance  curve  as  derived  is  representative  of  most 
psychomotor  tasks.  Until  further  information  becomes  available,  it  is  believed 
that  the  criteria  as  suggested  can  be  considered  applicable  (though  less  con¬ 
servative  than  for  the  pilot)  to  general  crew  effectiveness  evaluations  and  design 
requirements.  This  is  so  in  particular  because  the  pilot  has  the  opportunity  to 
anticipate  terrain  following  maneuver  acceleration  and  possible  turbulence 
patches  based  on  his  view  of  the  outside  environment. 
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dangerous.  requiring  max.  pilot  skill;  possible  except  for  gross  adjustments.  Dis¬ 
mission  success  impaired.  plays  difficult  if  not  impossible  to  read. 
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F  igure 


Relative  Vertical  Tracking  Error  as  a  Function  of  Vertical  Vibration  Intensity  and 
Frequency  (Ref  35) 


Relative  Vertical  Tracking  Error  as  a  Function  of  Vertical  Vibration  Intensity  and 
Frequency  (Ref  4) 
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Figure  5.  Relative  Horizontal  Tracking  Error  as  a  Function  of  Vertical  Vibration  Intensity 
and  Frequency  (Ref  35) 


Figure  6.  Relative  Horizontal  Tracking  Error  as  a  Function  of  Vertical  Vibration  Intensity 
and  Frequency  (Ref  51) 
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Figure  7.  Relative  Horizontal  Tracking  Error  as  a  Function  of  Vertical  Vibration  Intensity 
and  Frequency  (Ref  1) 


Figure  8.  Relative  Horizontal  Tracking  Error  as  a  Function  of  Vertical  Vibration  intensity 
and  Frequency  (Ref  38,  !31) 
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igure  9.  Relative  Total  Tracking  Performance  as  a  Function  of  Vertical  Vibration  Intensity  and 
Frequency  (Ref  34) 


Figure  10.  Relative  Total  Tracking  Error  as  a  Function  of  Vertical  Vibration  Intensity  and 
Frequency  (Ref  35) 
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Figure  11.  Relative  Total  Tracking  Error  as  a  Function  of  Vertical  Vibration  Intensity  and 
Frequency  (Ref  29) 
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Figure  14.  Acceleration  as  a  Function  of  Vertical  Vibration  Fri 
Constant  Relative  Vertical  Error  (Ref  36) 
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Figure  21.  Normalized  Constant  Relative  Tracking  Ei 
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Curve  for  Vertical  Vibration 


Figure  22. 
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Figure  24.  Normalized  Constant  Relative  Tracking  Error  Curve  for  Latera 
Vibration 
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Figure  2Ga.  Relative  Vertical  Tracking  Error  Versus  Exposure  Time  (Ref  3) 
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Figure  2Gb.  Relative  Vertical  Tracking  Error  as  a  Function  of  Acceleration 
and  T  rial  (Ref  3) 
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1'iRure  29a,  b,  c.  Relative  Tracking  Error  Versus  Exposure  Time  (Ref  22) 
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Figure  30a,  b,  c.  Relative  Tracking  Error  Versus  Exposure  Time  (Ref  22) 
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Figure  37.  Normalized  Constant  Tracking  Effectiveness  in  a  Vibration  Environment 
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Figure  40.  Probability  of  Exceeding  Pilot  Effectiveness  Levels 
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Figure  41.  Universal  Psychomotor  Task  Frequency  Response  Functions  for  Vertical  and  Lateral  Vibration 
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Figure  42.  Predicted  Variation  of  Vertical  and  Lateral  RMS  Task  Error 
Response  Based  on  Reference  53  RMS  g  Discomfort  Results 
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Figure  43.  Variability  of  Vertical  and  Lateral  Task  Performance  Indexes  for 
Three  Aircraft 
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TURBULENCE  DESCRIPTION 
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Figure  44.  Von  Karman  Spectral  Form  for  Turbulence  Velocity 
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APPENDIX  II 


rniMPARTSON  OF  SUBJECTIVE  OBJECTIONABLE  RESPONSE  AND 
DERIVED  CONSTANT  TRACKING  ERROR  RESPONSE  CURVES 
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In  a  survey  of  the  literature  concerning  subjective  evaluation  of  comfort 
during  vibration,  a  considerable  variety  of  conclusions  regarding  the  shape  of 
the  tolerance  curve  is  evident.  When,  in  addition  to  subjective  discomfort,  the 
effects  of  vibration  on  subject  performance  are  considered,  hardly  any  agree¬ 
ment  in  the  shape  of  the  tolerance  curves  for  discomfort  and  performance  would 
be  expected.  Figures  21  and  24  present  the  normalized  tracking  error  tolerance 
curves  for  vertical  and  lateral  vibration  as  developed  in  this  report.  Figure  45 
through  48  present  the  objectionable  tolerance  curves  for  passenger  discomfort 
as  derived  from  References  53  and  61.  These  curves  were  determined  from 
simulator  tests  using  representative  airliner  passenger  seats.  Any  comparison 
of  vibration  tolerance  curves,  whether  based  on  uiscomfort  or  performance, 
must  of  necessity  consider  differences  between  hard  or  soft  seats  used. 

The  observation  has  been  made  that  the  use  of  seat  cushions  can  substan¬ 
tially  change  the  permissible  g  values  to  a  subject.  Only  the  actual  vibrations 
transmitted  to  the  subject  should  therefore  be  related.  Any  soft  seat  tolerance 
evaluation  results  must  be  modified  by  the  soft  seat  attentuation  characteristics 
before  comparisons  with  hard  seat  results  are  made.  Figure  49  presents  the 
transmissibility  characteristics  of  a  conventional  foam  cushion.  These  trans- 
missibility  characteristics  were  applied  to  the  80-percentile  tolerance  curves 
of  Figures  47  and  48.  It  was  decided  to  use  the  80-percentile  data  for  a  number 
of  reasons.  The  actual  shape  of  the  tolerance  curve  is  very  much  dependent  on 
the  purpose  for  which  it  was  derived  or  for  which  it  is  to  be  used. 

The  80%  subject  data  points  indicate  greater  tolerance  variation  as  a  func¬ 
tion  of  frequency  than  do  either  the  50%  or  20%  subject  data.  It  is  reasoned  that 
certain  subjects  are  so  critical  to  vibration  from  a  passenger  viewpoint  that 
even  low  intensities  where  frequency  effects  become  masked  are  considered 
objectionable. 

Subjects  which  are  able  to  withstand  higher  vibration  intensities  will  be¬ 
come  more  aware  of  frequency  effects  through  response  of  body  organs  and 
members  and  their  effect  on  psychomotor  performance. 

Subjects  which  have  higher  motivation  or  which  are  required  to  perform 
certain  tasks  which  require  considerable  attention  will  normally  accept  higher 
vibrational  intensities. 
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Since  we  are  interested  in  comparing  the  shapes  of  the  tolerance  curves 
rather  than  its  levels  and  since  military  crews  flying  LAHS  condition  can  be 
considered  motivated,  are  accustomed  to  high  intensity  vibration  inputs,  and 
occupied  with  a  variety  of  tasks,  it  was  assumed  that,  the  80-percentile  results 
would  provide  the  more  meaningful  comparison. 

Figure  50  provides  a  comparison  of  shapes  of  the  tracking  error  perfor¬ 
mance  curves  with  the  objectionable  discomfort  curves  derived  in  Reference  53 
with  the  incorporation  of  the  seat  transmissibility  characteristics  of  Figure  49. 
It  is  interesting  to  note  the  fairly  good  agreement,  especially  for  the  case  of 
lateral  vibration. 
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Figure  45. 


Subjective  Objectionable  Response  to  Lateral,  Variable  Amplitude 
Vibration  (Test  7,  Ref  53  and  61) 
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Figure  47.  Subjective  Objectionable  Response  co  Vertical,  Variable  Amplitude 
Vibration  (Test  8,  Ref  53  and  61) 
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TRANSMISSIBILITY,  VEHICLE  TO  MAN 


U  0  I  2  3  4  5  6 


FREQUENCY  -  Hz 

Figure  49.  Trans  mis  sibility  Characteristics  for  a  Conventional  Foam  Cushi< 
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